Context. The white dwarf (WD) mass distribution of cataclysmic variables (CVs) has recently been found to dramatically disagree with the predictions of the standard CV formation model. The high mean WD mass among CVs is not imprinted in the currently observed sample of CV progenitors and cannot be attributed to selection effects. Two possibilities have been put forward to solve this issue: either the WD grows in mass during CV evolution, or in a significant fraction of cases, CV formation is preceded by a (short) phase of thermal time-scale mass transfer (TTMT) in which the WD gains a sufficient amount of mass. Aims. Here we investigate if and under which conditions a phase of TTMT before CV formation or mass growth in CVs can bring theoretical predictions and observations into agreement. Methods. We employed binary population synthesis models using the binary c/nucsyn code to simulate the present intrinsic CV population. To that end we incorporated aspects specific to CV evolution such as an appropriate massradius relation of the donor star and a more detailed prescription for the critical mass ratio for dynamically unstable mass transfer. We have also implemented a previously suggested wind from the surface of the WD during TTMT and tested the idea of WD mass growth during the CV phase by arbitrarily changing the accretion efficiency. We compare the model predictions of the TTMT and the mass growth model with the characteristics of CVs derived from observed samples. Results. We find that mass growth of the WDs in CVs fails to reproduce the observed WD mass distribution. In the case of TTMT, we are able to produce a large number of massive WDs if we assume significant mass loss from the surface of the WD during the TTMT phase. However, the model still produces too many CVs with helium WDs. Moreover, the donor stars are evolved in many of these post-TTMT CVs, which contradicts the observations. Conclusions. We conclude that in our current framework of CV evolution neither TTMT nor WD mass growth can fully explain either the observed WD mass or the period distribution in CVs.
Introduction
The class of compact binary stars comprises a great diversity of stellar objects and phenomena in the galactic zoo. They are very important probes of our comprehension of stellar evolution in general and mass transfer in particular. Cataclysmic variables (CVs) are compact binaries consisting of a white dwarf (WD) and a low-mass main sequence (MS) star that transfers mass to the WD by Roche-lobe overflow. CVs have been investigated for several decades, but their formation and evolution is still not fully understood. It is generally accepted that CVs result from wide binaries evolving into a common envelope (CE) structure, from which the core of the giant, that is, the primary, remains as a WD and in which the separation decreases significantly by means of drag forces within the envelope (Paczyński 1976) . After the envelope is expelled, the orbit of the detached post-common-envelope binary (PCEB) is further reduced through the loss of orbital angular momentum by gravitational radiation (GR) and magnetic breaking Send offprint requests to: T.P.G. Wijnen Send offprint requests to: T.P.G. Wijnen (MB) . When the orbit is sufficiently close, the accompanying MS star fills its Roche lobe, and if the resulting mass transfer is stable, a CV is born.
According to this CV formation scenario, WDs in the newly formed CVs should have a mass distribution that is similar to the mass distribution of single WDs, if not shifted towards lower masses by an early expulsion of the envelope, which prematurely terminates the mass growth of the giant's core. This naive expectation of on average low WD masses has been confirmed by binary population models of CVs, Politano (1996) for instance predicted a mean WD mass of 0.49 M ⊙ for the primaries of CVs. However, measurements of WD masses in CVs have been in the range of [0.8-1.2] M ⊙ (e.g., Warner 1973 Warner , 1976 Ritter 1976; Robinson 1976) , which is significantly higher than predicted. This discrepancy between the observed and expected mean WD mass in CVs has been successfully interpreted as a selection effect by Ritter & Burkert (1986) . Simply speaking, the idea is that the higher the WD mass, the more energy is released per accreted unit mass and the more extended is the accretion disk around the WD. Thus, CVs with massive WDs are (on average) significantly brighter and much easier to be discovered. However, Zorotovic et al. (2011) recently showed that this previous explanation does no longer hold. They showed that the observed WD mass distribution of faint CVs (dominated by the emission from the WD instead of by that from the accretion disk) should be biased towards lowmass WDs, while, as shown by Littlefair et al. (2008) and Savoury et al. (2011) , the measured mean WD mass for these systems still remains at ∼ 0.8 M ⊙ .
Thus the standard model of CV evolution might miss an important ingredient. Zorotovic et al. (2011) suggested two possibilities. First, WDs in CVs may gain mass through accretion of transferred matter over a nova cycle if less mass is expelled during the eruptions than is accreted between them. This contradicts standard theories for nova outbursts (Prialnik 1986; Prialnik & Kovetz 1995; Yaron et al. 2005) . WD masses can only grow in CVs if no mixing of core matter with accreted matter is assumed (Williams 2013; Starrfield 2015) , which is unrealistic. However, given the large discrepancy between the observed and predicted WD mass distributions, we need to investigate all possible scenarios. Therefore, we here present binary population models that include different mass accretion efficiencies in CVs.
The second possible explanation put forward by Zorotovic et al. (2011) is that a large number of CVs descend from binaries with initially more massive secondary stars. This implies a preliminary phase of thermal time-scale mass transfer (TTMT) in which the mass of the WD grows through stable hydrogen burning on its surface . At that stage, the system might be observed as a super-soft X-ray source (Kahabka & van den Heuvel 1997) . A small sample of UV observations has shown that 10-15 % of CVs accrete CNO processed material, indicating that the companion has been stripped of its external layers by a previous phase of TTMT Gänsicke et al. 2003) . These companions therefore appear to be more evolved than a single MS star of the same mass. While binary population models of new-born CVs with evolved donor stars have been applied in the past (e.g. de Kool 1992; Baraffe & Kolb 2000; Podsiadlowski et al. 2003; Kolb & Willems 2005) , a systematic study of the impact of TTMT on the WD mass distribution of CVs is missing. Here we fill this gap by using updated binary population models and investigate whether a large number of CVs descending from a phase of TTMT might explain the large masses of CV primaries.
Code
We simulated the evolution of a large number of binaries and selected those systems that evolve into a CV within the age of the Galaxy. Then we quantitatively investigated their characteristics and the evolutionary channel by which they have formed. We used the population nucleosynthesis code binary c/nucsyn of Izzard et al. (2004 Izzard et al. ( , 2006 Izzard et al. ( , 2009 ) based on the binary star evolution code of Hurley et al. (2002) .
To simulate CVs, some specific aspects of their evolution have to be taken into account. In particular, the implementation and treatment of the stability of mass transfer, the mass-radius relation of the donor star, and the fate of the transferred matter have to be considered carefully. We address these issues in detail below. . Different regimes of stability against mass transfer for MS donor stars, depending on the mass ratio and the mass of the donor. The hatched region corresponds to the critical mass ratios for which, according to Politano (1996) , the mass transfer becomes dynamically unstable as a function of the donor's mass. The dotted line indicates the shape of this regions if one uses the condition that is originally in the code (see text). The solid curve represents the critical mass ratio for zero-age MS stars of solar composition above which mass transfer occurs on the thermal time-scale. This mass ratio is derived from the thermal mass-radius exponent by using the zero-age MS mass-radius relation implemented in the code (Tout et al. 1996) and assuming that mass transfer is conservative.
Mass transfer
The stability of mass transfer is determined by the change of the radius with respect to the Roche lobe. If the adiabatic response of the donor is unable to retain the star within its Roche lobe, mass transfer will occur in a dynamically unstable way and will probably lead to a CE. However, if the star is able to restore hydrostatic equilibrium, mass transfer is determined by the thermal readjustments of the star. If the new thermal equilibrium radius exceeds the Roche lobe radius, mass transfer is driven by readjustments of the star on the thermal time-scale. Otherwise, the binary is stable against mass transfer and mass transfer is driven by angular momentum loss or nuclear evolution. The adiabatic mass-radius exponent for low-mass MS donors is very sensitive to the depth of their convective envelope. For low-mass MS stars ( 0.7 M ⊙ ) the envelope is deeply convective and the donor star is no longer able to restore hydrostatic equilibrium in response to mass loss, except for very low mass ratios. Therefore, the adiabatic mass-radius exponent and corresponding critical mass ratio decrease steeply around 0.7 M ⊙ . Figure 1 shows an analytic fit from Politano (1996) to the critical mass ratio for dynamically unstable mass transfer (hatched region):
where M 2 represents the mass of the donor star in solar masses and the mass ratio is defined as q ≡ M 2 M wd . This fit is based on the adiabatic mass-radius exponent as determined by detailed model calculations of Hjellming (1989) and is valid for conservative mass transfer. We used this more accurate prescription instead of the standard prescription in binary c/nucsyn, that is, a constant q cr of 0.695 for M 2 0.7 M ⊙ (which is also shown in Fig. 1 for comparison). For masses above 0.7 M ⊙ , mass transfer is assumed to be dynamically stable if q < 1.6 in our simulations (de Mink et al. 2007 ). This line is not shown in Fig. 1 .
Since binary c/nucsyn does not follow the thermal mass-radius exponent of the donor (Hurley et al. 2002, section 2.6 .3) and mass transfer might not be conservative during TTMT, we used the mass-transfer rate to distinguish between the CV phase and a phase of TTMT. We identify a binary as a system with TTMT if the primary is a WD, consisting of either helium (He), carbon-oxygen (C/O), or oxygen-neon (O/Ne), the donor is a MS star and the mass-transfer rate is higher than the limit for stable hydrogen burning, as described in Meng et al. (2009) . Furthermore, the mass of the WD has to increase by at least 0.01 M ⊙ during the TTMT phase, otherwise we do not define the emerging CV as a post TTMT system. Likewise, if the mass-transfer rate is below the limit for stable hydrogen burning, the primary is a WD, and the donor is a MS star, we identify the system as a CV. This definition of CVs may include some long orbital period systems with massive secondaries ( > ∼ 0.7 M ⊙ ) and lower mass WDs that just started thermally unstable mass transfer but did not yet reach the limit for stable hydrogen burning. We count these systems as CVs keeping in mind that they are apparently different from typically observed CVs.
Mass-radius relation for CV donors
Mass transfer can force the donor star out of thermal equilibrium when the time-scale of mass transfer is shorter than the thermal time-scale of the donor. In the case of low-mass donors, the mass transfer is driven by the loss of angular momentum due to MB and/or GR. We subtracted the angular momentum loss due to MB directly from the orbit, assuming the orbit and spin are coupled. We used the prescription of Hurley et al. (2002) for MB. MB is assumed to be active until the donor star becomes fully convective (Rappaport et al. 1983 ). For single zeroage MS (ZAMS) stars and in detached binaries, this occurs when the mass is ∼ 0.35 M ⊙ and MB is probably reduced significantly in an abrupt manner ). This disrupted MB scenario can explain the observed gap between ∼ 2 and 3 hours in the orbital period distribution of CVs (e.g. Spruit & Ritter 1983) . In semi-detached binaries that contain a secondary with a radiative core, the strong angular momentum loss and the resulting high mass transfer rates due to MB drive the MS donor out of thermal equilibrium, which causes the radius of the donor star to exceed its thermal equilibrium radius. As a result of this bloating and readjustments of the donor on relatively long thermal time-scales, the stellar structure of the donor corresponds to the stellar structure of a more massive single star on the MS (Howell et al. 2001; Knigge 2006) . In other words, the mass of the donor is lower than that of a MS star with the same radius and stellar structure. Therefore the mass-transferring donor in a CV becomes fully convective at a lower mass than its MS counterparts in detached binaries or single stars. As a result, the dynamo mechanism responsible for MB remains active for donor masses McDermott & Taam 1989; Howell et al. 2001; Patterson et al. 2005) . When MB becomes inefficient at an orbital period of ∼ 3 hr, the donor has time to relax its radius to its equilibrium value, which is lower than the value of the Roche-lobe radius. The binary, having become a detached system, evolves towards shorter orbital periods driven by GR alone. At an orbital period of ∼ 2 hr, mass transfer starts again, but at a much lower rate. In other words, the standard scenario for CV evolution explains the deficit of CVs in the period gap by predicting that CVs pass the gap as detached systems.
Because of this standard theory of CV evolution, the mass-radius relation of the donor star is of crucial importance for properly simulating the standard model of CV evolution, as the disrupted MB scenario only works if secondaries above the gap have a larger radius than their MS radius. Not assuming an increased radius above the gap would not allow simulating the orbital period gap seen in the observed distribution of CVs. Consequently, we would not be able to separate systems below and above the gap, which, as we show below, might be imperative for understanding the WD mass distribution in CVs. To account for the larger radius when the donor is out of thermal equilibrium, we implemented the mass-radius relation for low-mass MS donors in CVs, as deduced by Knigge et al. (2011) . To establish a smooth transition between the equilibrium radius (R 2,eq ) given by binary c/nucsyn and the increased radius for CV donor stars (R 2,CV ), we define the factor by which the radius is increased with respect to its thermal equilibrium value, as a function of the current mass of the donor star m,
and let the radius grow exponentially with time towards the fully inflated value (i.e. R 2,CV ) given by Knigge et al. (2011) . The equilibrium radius excess (f exc ) and current radius (R 2 ) as a function of time and mass are thus given by
where t is the time since the donor filled its Roche lobe and τ is the time scale for angular momentum loss in CVs, typically 10 7 years (Davis et al. 2008) . In accordance with the value for M conv from Knigge et al. (2011) , we assume MB is disrupted at 0.20 M ⊙ for CVs. When MB becomes inefficient, the donor has time to relax its radius to its equilibrium value. In this case, we use Eqs. (2) and (4), replace R 2,CV with the radius the star had just before it detached and R 2,eq with the radius as described in Knigge et al. (2011) for donors below the period gap. This radius decrease is implemented in the code in a similar fashion as the increase (Eq. 3), that is, decreasing the radius exponentially, where now
We assume that donor stars whose initial mass is lower than 0.35 M ⊙ do not experience efficient MB, analogous to single ZAMS stars. Therefore, we did not inflate the radius for these donors, but only used the radius for CV donors below the gap. As pointed out by Knigge et al. (2011) , the power-law approximation for the mass-radius relation of MS donors breaks down for masses ≤ 0.05 M ⊙ . We therefore only considered CVs with a secondary more massive than 0.05 M ⊙ .
CVs with evolved donor stars
While the assumed mass radius relation of CVs is reasonable for CVs with MS donor stars, we have to take into account that CVs from binaries with more massive secondaries, such as those that passed through a phase of TTMT, may have significantly evolved donor stars. As has been shown by Podsiadlowski et al. (2003) , the orbital period evolution of CVs with donor stars that have a central hydrogen fraction below 0.4 significantly differs from those with less evolved secondary stars. In particular, CVs with evolved donors do not become fully convective at an orbital period of ∼ 3 hr as "normal" CVs do, but at possibly much shorter periods (Baraffe & Kolb 2000; Podsiadlowski et al. 2003) . In fact, they may even bounce back and evolve to longer periods before becoming fully convective. As a consequence, CVs with evolved donors pass the period gap as accreting systems with a bloated donor star that is significantly hotter than a typical CV donor at the same period. Such systems have indeed been found (Thorstensen et al. 2002; Littlefair et al. 2006; Thorstensen 2013; Rebassa-Mansergas et al. 2014 ). Thus, if many of them are produced in our simulations, then the predicted orbital period distribution could be significantly affected. Incorporating evolutionary tracks for CVs with evolved secondaries in our simulations is beyond the scope of this paper. Instead, we simply keep track of the central hydrogen fraction of the CV donors, derived from their initial mass and current age, and determine the fraction of systems in our simulation that contain evolved donors as defined by Podsiadlowski et al. (2003) , that is, with donor stars that have a central hydrogen fraction below 0.4.
To evaluate whether a given predicted fraction of evolved systems would disagree with the observations, we derived an upper limit from the observed period distribution. Assuming that all observed CVs in the gap are CVs with evolved donors (this is a strict upper limit as some CVs with un-evolved donors are born in the gap) and taking into account that the number of CVs at the lower edge of the gap in the observed distribution increases roughly by a factor of 3-5 (Gänsicke et al. 2009; Knigge et al. 2011 ), we estimate an upper limit for the fraction of CVs with evolved donors (that evolve through the gap as accreting systems) of ∼ 20 − 30 per cent. If this fraction is exceeded, one would expect more CVs in the gap and a smaller increase of the number of CVs at the lower edge of the gap than is observed.
Modelling the mass-transfer rate
Binary c/nucsyn is a parametrized stellar evolution code and does not calculate the various mass-radius exponents that are discussed in Sect. 2.1. Instead the calculation of the rate at which mass is transferred to the accretor,Ṁ tr , contains a numerical factor to ensure that the mass-transfer rate is (numerically) steady (see Eq. (59) from Hurley et al. 2002) . However, this factor is too small to let the star follow its Roche lobe within a few per cent during stable mass transfer when the radius is inflated. In other words: when the system is a CV, the mass-transfer rate is too low to be self-regulating. Furthermore, this parametrization of the mass transfer rate does not correctly model mass transfer on the thermal time-scale of the donor. We therefore adapted this factor for both cases separately as described below.
Stable CV mass transfer
To prevent the star from overfilling its Roche lobe by more than a few per cent, we made the mass transfer prescription more sensitive to changes in the donor radius by multiplying Eq. (59) from Hurley et al. (2002) with a factor of 1000 for stable mass transfer when the binary is a CV.
For a numerically smooth transition, we increased the factor from 1 to 1000 on the same time-scale that we inflated the radius of the donor star. This allows the masstransfer rate to be self-regulating during the CV phase and prevents numerical instabilities in calculating the masstransfer rate.
Thermal time-scale mass transfer
In the case of TTMT, the original prescription of Hurley et al. (2002) underestimates the mass transfer rate. We therefore included the same factor as derived by Claeys et al. (2014) , who have tested the resulting calculation of the mass transfer rate against a detailed binary stellar evolution code (STARS, Eggleton 1971; Pols et al. 1995; Glebbeek et al. 2008 ). This provides a better description of TTMT, although the mass transfer rate may be a factor of three higher than the maximum from the detailed STARS code, in which case the duration of TTMT is correspondingly shorter (see their Sect. 2.2.4).
Response of the primary to mass transfer
In the previous sections we have described the consequences of mass transfer for the mass-losing star. An equally crucial and precarious question is how the primary star reacts to accretion, in particular, if the mass transfer is conservative. In what follows, we describe our approach for both TTMT and mass transfer driven by angular momentum loss.
Thermal time-scale mass transfer
When the mass-transfer rate is within the limits of stable hydrogen burning, all transferred hydrogen-rich matter is processed into helium and accreted onto the WD. If the mass-transfer rate exceeds this limit, hydrogen will be accreted faster than it can be processed into helium. Two scenarios for this situation have been proposed in the literature. The first is that the redundant hydrogen-rich matter accumulates onto the surface of the WD and forms a redgiant-like envelope (Nomoto et al. 1979) . Consequently, the system will probably evolve into a second CE instead of becoming a CV. The other scenario is that the burning of hy-drogen may cause a very strong wind (Hachisu et al. 1996) . This wind ejects part of the accreted matter and tends to stabilize the mass accretion onto the WD, thus preventing the formation of a new giant-like envelope. A certain amount of matter will still be accreted onto the surface of the WD, at a rateṀ acc , depending on the mass accumulation efficiency of hydrogen burning, η H , and the mass accumulation efficiency for helium-shell flashes, η He . This rate can be expressed aṡ
whereṀ tr is the rate at which mass is transferred from the donor to the WD. The efficiency parameters η H and η He depend onṀ tr (Meng et al. 2009 ). We refer to this wind as the Hachisu wind. A second problem concerning the response of the WD to mass accretion occurs if the WD is made of helium. The accretion of helium can occur either directly or through stable hydrogen burning on the surface of the WD. Models from Woosley et al. (1986) have shown that a detonation due to the accretion of helium at a rate of 2 × 10 −8 M ⊙ yr −1 can occur when the star reaches 0.66 M ⊙ , while previous models by Nomoto & Sugimoto (1977) found a limit of 0.78 M ⊙ for the accretion of hydrogen at the same rate. Based on these predictions, the maximum mass of a helium WD (He WD) was set to 0.7 M ⊙ in binary c/nucsyn (Hurley et al. 2002) . However, Shen & Bildsten (2009) showed that all of the pre-1991 results are calculated with an erroneously high value of the conductive opacity and the resulting ignition masses are a factor of 2 too low. Furthermore, Saio & Nomoto (1998) found that the accretion of helium onto a 0.4 M ⊙ WD at a rate of 10 −7 M ⊙ yr −1 and 10 −6 M ⊙ yr −1 , that is, the rate of TTMT, induces a stably burning helium star. This implies that a phase of TTMT can eventually turn a low-mass He WD into a high-mass carbon-oxygen WD (C/O WD). Since there is currently no clear stringent limit on the mass of He WDs, if there is any, we did not assume a mass-limit for accreting He WDs.
Mass transfer driven by angular momentum loss
When the mass-transfer rate is below the limit of stable hydrogen burning, the accreted hydrogen is compressed onto the surface of the WD and is subsequently ignited under highly degenerate conditions. This leads to unstable hydrogen-shell burning and flashes, that is, to nova eruptions. As mass transfer can be assumed to be stable and conservative in between two (virtually) instantaneous nova eruptions, the critical mass ratio given by Eq. 1 can be used to distinguish CVs from systems that are unstable against dynamical mass transfer, and might evolve into a second CE. However, it has been subject of debate for several decades how much mass is lost during outbursts. The long-standing paradigm has been that nova eruptions in CVs expel most of the mass that has been accreted before the nova outbursts and probably even more (Prialnik 1986; Prialnik & Kovetz 1995; Townsley & Bildsten 2004; Yaron et al. 2005 ). We used m acc and m ej from Table 2 in Yaron et al. (2005) to construct an interpolation table with efficiencies for mass 'accretion' during nova cycles, which we implemented in binary c/nucsyn. The amount of mass loss, or in other words, the 'accretion' efficiency, depends on the mass of the WD, the mass-transfer rate, and the core temperature of the WD. We derived the core temperature of the WD from its mass and luminosity (Mestel 1952) .
As outlined in the introduction, the immense discrepancy between observed and predicted WD mass distributions in CVs motivated us to investigate the implications of WD mass growth during nova cycles in a separate model. In these models we arbitrarily increased the mass accretion efficiency during a nova cycle from 10 to 100 %.
Binary population synthesis
We generated a three-dimensional grid with M 1 , M 2 and the separation as free initial parameters. Our resolution was 150 for each parameter, thus for each model we simulated ∼ 3 · 10 6 binary systems. We let the initial mass of the primary, M 1 , range from 1 to 9 M ⊙ , to let the primary evolve into a WD within the Hubble time. The initial mass function (IMF) of the primary is given by Kroupa et al. (1993) . For M 2 we assumed an initial mass-ratio distribution that is flat in mass ratio q (Sana et al. 2009 ). The initial mass of M 2 ranged from 0.08 to 3.5 M ⊙ . Both M 1 and M 2 were picked from their initial mass distribution with a logarithmic spacing. The initial orbital separation a was assumed to be flat in log a (Popova et al. 1982; Kouwenhoven et al. 2007 ) and ranged from 3 to 10 4 R ⊙ to cover the whole space of binaries that will interact within the Hubble time. Each binary in the grid was given an individual formation probability, depending on the assumed distribution of the initial parameters and taking into account the logarithmic spacing in mass. We furthermore assumed circular orbits and solar metallicity for all binaries. We set the CE efficiency parameter, α ce , equal to 0.25, in accordance with the range of values determined by Zorotovic et al. (2010) . For details of the CE prescription we used, see Hurley et al. (2002) and Zorotovic et al. (2010) . The binaries were formed with a constant star formation rate by randomly assigning them a lifetime between 0 and 13.5 Gyr, our assumed age of the Galaxy (Pasquini et al. 2004) .
The motivation for this work is the disagreement between observed and predicted WD mass distributions of CVs. Zorotovic et al. (2011) suggested two possible solutions for the high WD masses in the observed sample, and we calculated three models to test both ideas against the standard scenario of CV evolution. In the first model, we assumed that a giant-like envelope is formed when the mass transfer rate exceeds the limit for stable hydrogen burning, which should produce relatively few post-TTMT CVs. This model, which we refer to as the reference model, contains the most common assumptions of CV formation and evolution as discussed in the previous sections. In our second model, we added the stabilizing Hachisu wind during TTMT as this is known to be fundamental to produce large numbers of post-TTMT CVs, which potentially contain massive WDs. In a third model, we incorporated net mass growth during nova cycles into our reference model instead of the 'accretion' efficiencies derived from Yaron et al. (2005) .
The three main models can thus be summarized as follows:
1. Our reference model based on typical assumptions for CV evolution.
2. Our reference model, including a wind from the accreting WD that stabilizes mass transfer and prevents the formation of a giant-like envelope (Sect. 2.5.1). 3. Our reference model, but assuming different efficiencies of mass accretion onto the WD.
Results
We first describe the results of our reference model for CV evolution. Subsequently, we address the effects of including the Hachisu wind, and then the mass growth. Figure 2 shows the binaries that are identified as a CV at the present epoch (according to our definition of a CV, see Sect. 2.1). The distribution of both the orbital period (bottom) and WD mass (left) are shown, as well as their combined probability distribution in the two-dimensional plane. The vertical dashed lines mark the upper (3.18 hr) and lower edge (2.15 hr) of the observed period gap (Knigge 2006) . The hatched region indicates the parameter space in which mass transfer will become dynamically unstable, assuming q cr as given as in Eq.
Reference model
(1). The dotted line marks the shape of the dynamically unstable region if one assumes a constant q cr of 0.695 for M 2 0.7 M ⊙ . These regions are depicted in the same way as their corresponding regions in Fig. 1 and were calculated by equating the radius of the donor star, as given by Knigge et al. (2011) , with its Rochelobe radius and solving for the orbit with Keplers third law using the corresponding critical mass ratio. The right border of this region corresponds to a donor mass of 0.7 M ⊙ , the curved left border corresponds to the critical mass ratio. Some CVs are located in the region for dynamically unstable mass transfer. To explain this, we have also shown the right border for this region if one assumes the mass-radius relation that is originally in the code (Tout et al. 1996) , indicated by the dashed-dotted line. Since virtually all of the CVs in the hatched region are located on the stable side of the dashed-dotted border, it illustrates that these CVs have formed recently and their radius is still inflating towards the value given by Knigge et al. (2011) . The mass of the CV donors in this region is higher than 0.7 M ⊙ and the system is currently still stable against mass transfer. These CVs, however, will experience dynamically unstable mass transfer when the donor star becomes deeply convective at a donor mass of ∼ 0.7 M ⊙ .
The orbital period distribution shows a clear spike at the period minimum, corresponding to very low-mass secondaries (M sec 0.08 M ⊙ ). Most CVs in our standard model are currently below the period gap, but only 33.6 % of the current CV population was born in or below the gap. This is a well-known prediction of binary population models of CVs (e.g. Kolb 1993 ): because angular momentum loss is assumed to be much lower below the gap than above the gap, the evolutionary time-scale is shorter above the gap than below by one to two orders of magnitude.
The absence of CVs with low-mass WDs in the ∼ 3 − 4 hr orbital period range, that is, in the hatched region in Fig. 2 , has been predicted by previous models (de Kool 1992) and can be explained as follows: mass transfer becomes dynamically unstable for CVs whose mass ratio exceeds the critical value given by Eq. (1). This will occur within the region marked by the solid line in Fig. 2. CVs are thus not able to evolve towards shorter periods through this region without experiencing dynamically unstable mass transfer and merging. This means CVs with a WD 0.7 M ⊙ and log( P orb days ) −0.7 have to be born there or must have descended from higher WD masses.
The WD mass distribution shows three peaks. The first peak at 0.4 M ⊙ consists of He WDs that evolved into a CE when the primary was on the first giant branch (FGB). The second peak at 0.55 M ⊙ corresponds to binaries for which the mass growth of their core was terminated when they were on the asymptotic giant branch (AGB). These are C/O WDs with a lower mass than expected for single WDs as a result of the earlier expulsion of the envelope. The steep decline after the peak for C/O WDs agrees with the observed mass distribution of single WDs (Kepler et al. 2007 ). The third peak predicted at 0.75 M ⊙ is atypical for the mass distribution of single WDs. This peak contains a significant fraction (32.5 %) of CVs that have experienced TTMT and thus originates from CVs that initially resided at longer orbital periods and that had more massive secondaries. It is a direct consequence of using Eq. (1) for the critical mass ratio at which mass transfer becomes dynamically unstable instead of a constant value for q cr , as is assumed by default in binary c/nucsyn. The region in which mass transfer becomes dynamically unstable for a constant q cr of 0.695 for M 2 0.7 M ⊙ extends towards high-mass WDs as indicated by the dotted line in Fig. 2 . Thus, in this case, all CVs with a WD 1 M ⊙ and log( P orb days ) −0.6 would merge eventually. The occurrence of this third peak has been previously predicted by CV population models, using the same prescription for the critical mass ratio (see Politano 1996, his Fig. 4 ). If this prescription had not been used, the predicted WD mass distribution would be similar to the one derived by de Kool (1992).
Our reference model predicts that 15 % of the CVs have undergone TTMT before evolving into a CV, which is consistent with the results from UV observations from Gänsicke et al. (2003) . The relatively small fraction of such post TTMT CVs is caused by the formation of a giant-like envelope if the mass-transfer rate of hydrogenrich matter exceeds the limit for stable hydrogen burning. Consequently, He WD primaries evolve into FGB stars and C/O or O/Ne WDs primaries into AGB stars. Therefore, the binaries do not evolve into CVs, but eventually evolve into a second CE and merge. In other words, the limits for the mass-transfer rate, between which hydrogen burning on the surface of the WD is stable, define a range that is very narrow. Mass-transfer rates are thus typically either too high, causing the CVs to merge, or too low to allow the WD to gain a sufficient amount of mass. This limits the impact of post TTMT CVs on the WD mass distribution of CVs in our reference model.
CV populations including the Hachisu wind
In our second model the implementation of the Hachisu wind (see Sect. 2.5.1) prevents the WDs from forming a new giant-like envelope in the case of TTMT. This wind thus serves as a tool for investigating the consequences of extending the narrow range for stable hydrogen burning to higher mass-transfer rates, that is to say, extending the parameter space for TTMT systems that may evolve into CVs. distributions are shown in Fig. 3 . As in Fig. 2 , the vertical dashed lines indicate the location of the observed orbital period gap, while the solid and dashed lines in the main grey-scale plot represent the region in which mass transfer becomes dynamically unstable according to the two prescriptions for q cr discussed previously. The dashed-dotted line marks the dynamically unstable region, assuming the mass-radius relation from Tout et al. (1996) .
The WD mass distribution for M wd 0.7 M ⊙ is practically the same as the distribution predicted by the reference model shown in Fig. 2 , and so are their evolutionary paths. Assuming a wider range of mass-transfer rates that allow stable hydrogen burning without the formation of a new giant-like envelope, however, leads to the prediction of a much larger number of CVs with massive WDs ( 0.7 M ⊙ ), which in the reference model evolved into a giant-like star. This increases the total number of predicted CVs by 50 % with respect to the reference model and now almost half of all CVs, 46 %, have undergone TTMT. The mean WD mass of post-TTMT CVs increased significantly during TTMT: from 0.56 M ⊙ before the phase of TTMT, to 0.86 M ⊙ afterwards. When only the CVs with a WD 0.7 M ⊙ are considered, 74.8 % experienced TTMT.
The impact of the description used for q cr on the predicted distributions is even stronger than in the reference model. Most WDs with masses between 0.7 M ⊙ and 1 M ⊙ would not evolve into CVs if one assumes a constant q cr of 0.695, because they would experience dynamically unstable mass transfer when they evolve towards the region bordered by the dotted line (see Fig. 3 ). In that case, the only possibility to form WDs in CVs with a mass around 0.8 M ⊙ below the gap are initial primary masses 3 M ⊙ , which have a very low formation probability compared to less massive stars.
The predicted WD mass distribution is fairly broad above the gap and more strongly peaked below, while the mean WD mass is comparable for both distributions (0.76 and 0.70 M ⊙ ). This is caused by two effects. First, as most CVs with high-mass WDs below the gap descend from CVs above the gap (meaning that they are not born below the gap), the assumed mass loss during nova cycles as described in Sect. 2.5.2 slightly erodes these massive WDs (0.8 − 1.2 M ⊙ ) on their way from long (∼ 9.5 hours, i.e. Fig. 2 , but for model 2, in which a wind from the WD that stabilizes mass transfer is included (Sect. 2.5.1). This wind allows more binaries that experience TTMT to evolve into CVs. The prescription for q cr is crucial for the subsequent CV evolution.
log(
P orb days ) ∼ −0.4) to short orbital periods. Second, CVs containing low-mass WDs (0.4−0.6 M ⊙ ) above the gap cannot avoid dynamically unstable mass transfer when evolving towards shorter periods, that is, they enter the hatched region in Figs. 1 and 3 when the secondary develops a deep convective envelope (at a secondary mass of ∼ 0.7 M ⊙ ) and merge during a second CE. Consequently, the distribution of WD masses above the gap shows a wider spread than the distribution of WD masses below the gap.
Mass growth during nova cycles
In the third model, we investigate the other possibility to produce many CVs containing high-mass WDs mentioned by Zorotovic et al. (2011) : we tested whether net mass growth of the WD in a CV evolving through a nova cycle can shift the low-mass WDs towards higher masses. We used the same assumptions as in our reference model, but instead of the standard assumption of slow erosion of the WD, we here tested four different accretion efficiencies. Figure 4 shows the WD mass distributions assuming that 10, 20, 50, or 100 % (from top to bottom) of the transferred mass is accreted, which means that it remains on the WD after a nova outburst. These WD mass distributions are normalized by the sum of the formation probabilities of all CVs in each model. Assuming an accretion efficiency of only 10 % has little consequences for the predicted WD masses.
The mean mass increases slightly, but the overall shape of the distribution with its three peaks remains the same (the peak at 0.55 M ⊙ is smoothed out because of the bin size). This is simply because the low-mass WDs with relatively high-mass secondaries still evolve into the dynamically unstable mass transfer region and those with low-mass secondaries gain very little mass. The situation remains relatively similar for an accretion efficiency of 20 %, but changes significantly if 50 % of the transferred mass is assumed to contribute to mass growth of the WD. In the latter case, many CVs with low-mass WDs and initially massive secondaries can circumnavigate the dynamically unstable region and evolve into CVs below the gap. In addition, many WDs gain a significant amount of mass. As a consequence, the peak located at 0.75 M ⊙ in the distribution predicted by the reference model largely dominates the distribution and is moved towards higher masses (∼ 1.0 M ⊙ ). This effect becomes stronger if all the transferred mass is assumed to be accreted by the WD. In this case, many CVs evolve into SN Ia candidates with WD masses > ∼ 1.2 M ⊙ . The latter model is, of course, not a realistic one (because a significant fraction of mass is obviously expelled during nova eruptions), but it serves to illustrate the potential effect of mass growth on the WD mass distribution in CVs. Figure 4. WD mass distributions for different fractions of mass growth during nova cycles, i.e. assuming that more mass is accreted between two nova outbursts than is expelled during the eruption. The fractions are normalized to the total formation probability of all the CVs in each model. A higher accretion efficiency shifts the peak at 0.8 M ⊙ to higher masses. Table 1 shows the statistics for our different simulations. Our results can be summarized as follows: the reference model predicts the WD mass distribution to be dominated by low-mass WDs and a third peak at ∼ 0.75 M ⊙ where most post-TTMT CVs reside. The fraction of CVs that experienced a previous phase of TTMT increased by a factor of three when we incorporated the Hachisu wind, which makes the peak at ∼ 0.75 M ⊙ more prominent. Finally, the models in which we allowed for mass growth during the CV phase predict relatively small changes for low accretion efficiencies, that is, a slight increase of the number of systems containing high-mass WDs. High fractions of mass growth predict CV populations dominated by systems containing very massive WDs ( > ∼ 1.0M ⊙ ). Below we first address to what extend our results depend on the assumptions and simplifications we made on our modelling approach, before we compare our model predictions with the observations.
Discussion

Model uncertainties
The model predictions are sensitive to several assumptions, for instance to the critical mass ratio for dynamically unstable mass transfer, the Hachisu wind, the calculation of the TTMT rate, the mass limit for He WDs, the initial massratio distribution, the strength of MB, and the efficiency of CE evolution.
Critical mass ratio
We demonstrated that the simulation of CV evolution is extremely sensitive to the analytic fit for q cr from Politano (1996) . This analytic fit allows a significant number of CVs with a massive WD to evolve towards shorter periods, while they would have been regarded as dynamically unstable if one would have used a constant q cr for all low-mass MS stars, that is, a rough cut-off at ∼ 0.7 M ⊙ . The critical mass ratio, and the corresponding region in which mass transfer becomes dynamically unstable, functions as a kind of 'road block' that prevents CVs with low-mass WDs to evolve towards shorter orbital periods. Instead, dynamically unstable mass transfer leads most likely to a second CE and the stars probably merge. The value of q cr therefore has a huge influence on the formation of ∼ 0.8 M ⊙ WDs. Even fine-tuning all other parameters towards producing many post TTMT CVs, such as the Hachisu wind, would predict few WDs around 0.8 M ⊙ if q cr were constant. It is therefore of crucial importance to use an accurate value of q cr instead of a crude approximation.
Since the critical mass ratio depends on the adiabatic mass-radius exponent, it is mainly determined by the stellar structure of the donor star and whether mass transfer is conservative or not. To our knowledge, the prescription we use for q cr is the most accurate currently available, but it is still based on two assumptions that might be critical for the formation of CVs, that is, a MS structure of the donor and conservative mass transfer.
First, the detailed structure of the secondary stars evolving from TTMT, especially the mass at which a convective envelope develops, is quite uncertain because these systems were initially more massive. These donors are probably driven out of thermal equilibrium by mass transfer at a high rate and their structure might thus to some degree correspond to that of a more massive star. If this is the case, the mass at which a deep convective envelope develops, that is, where the adiabatic mass-radius exponent increases steeply, could be lower than the canonical value of 0.7 M ⊙ . Thus, for a given WD mass, the mass ratio of a system evolving from long orbital periods to shorter orbital periods could be lower when facing the dynamically unstable boundary. Therefore more CVs with less massive WDs ( < ∼ 0.75 M ⊙ ) would evolve towards shorter periods without merging because the left-shifted boundary provides a higher q cr for a given secondary mass. This would concern CVs born at long orbital periods and post-TTMT systems. The peak of the WD mass distribution at 0.75 M ⊙ in the reference model (and in the model including the Hachisu wind) would probably be shifted towards slightly lower masses. The impact of shifting the mass limit at which the donor stars develop a deep convective envelope towards lower masses on the resulting WD mass distribution would be even stronger when the masses of the WDs are assumed to grow during the CV phase, which would allow low-mass WDs at long orbital periods to circumnavigate dynamically unstable mass transfer if they accrete a sufficient amount of mass.
Second, we assumed that stable mass transfer (driven by angular momentum loss) during the CV phase is conservative. However, CVs experience nova eruptions during which both mass and angular momentum is lost. If the angular momentum taken away by the mass expelled during a nova outburst significantly exceeds the specific angular momentum of WD material, the critical mass ratio would be lower for a given value of the mass-radius exponent than it would be in the case of conservative mass transfer. This would cause stable mass transfer to occur only in systems with low mass ratios and may solve the problem of the Table 1 . Statistics of our different models. Columns 2 to 6 : the fraction of binaries in the grid that currently are a CV, the average WD mass of the CV population, the fraction of CVs that have a central hydrogen fraction < 0.4, the average WD mass at the beginning and at the end of the TTMT phase and the percentage of CVs that had a phase of TTMT. Assuming a 'stabilizing' wind from the WD increases the current CV population by 50 % and triples the number of TTMT descendants. On the other hand, increasing mass growth allows more CVs that emerge from a phase of TTMT with a (on average) lower WD mass to circumnavigate dynamically unstable mass transfer. large number of predicted CVs with low-mass WD. We will discuss this possibility in a follow-up paper. This reasoning and the sensitivity of the results to the critical mass ratio imply that we may underestimate the relative number of massive WDs in our models. The adiabatic mass-radius exponent as shown in Fig. 1 is currently being scrutinized (Nelemans, Webbink, private communication). A more accurate value for mass-transferring stars based on detailed stellar models would drastically reduce the uncertainties in our model predictions.
Hachisu wind
Since there is a consensus on the regime in which the mass-transfer rate enables stable hydrogen burning (Nomoto et al. 2007; Williams 2013) , the only option to increase the number of CVs that descend from TTMT is to assume non-conservative mass transfer. The most popular mechanism for mass loss during TTMT is a strong wind that reduces the mass accretion rate and allows more systems to maintain stable hydrogen burning on the surface of the WD (Hachisu et al. 1996) . In the framework of this wind model, the mass accumulation efficiency for hydrogen burning, η H , and in particular the mass accumulation efficiency for helium shell flashes, η He , during the wind determine how much the WD is growing and thus how fast the mass ratio changes as the mass of the secondary decreases. These efficiencies therefore define the evolutionary course along which a system evolves towards lower secondary masses, that is, to the left in Fig. 1 . Higher efficiencies would imply a steeper decline of the mass ratio and more CVs with a phase of TTMT could circumnavigate dynamically unstable mass transfer. In contrast, lower efficiencies imply that CVs with a phase of TTMT are more likely to run into dynamically unstable mass transfer. Thus, the relative number of post-TTMT CVs, and consequently also the resulting WD mass distribution, depend sensitively on the mass accumulation efficiencies during TTMT.
Calculating the thermal time-scale mass transfer rate
The calculation of the mass transfer rate in binary c/nucsyn does not depend on the mass-radius exponent. In the case of TTMT the prescription from Claeys et al. (2014) may overestimate the mass transfer rate. We therefore also ran our simulations with the original prescription, which underestimates the mass transfer rate. The outcomes differ in which binaries actually become a CV after TTMT, but the overall distributions of both the WD mass and the orbital period look the same. We therefore argue that using a method that models TTMT more adequately (see e.g. Chen et al. 2014) would not (significantly) change the WD mass distribution. The period distribution, on the other hand, may look different since we have a large number of evolved donor stars in our CV population. We address this question below (see also Sect. 2.3).
Accretion onto He WDs
An important uncertainty that has not been tested by our model calculations is the maximum mass of He WDs that accrete hydrogen rich material (that might be fused into He on the surface of the WD). According to the literature, this value is highly uncertain, as outlined in Sect. 2.5.1. If He WDs can be more massive than 0.7 M ⊙ , they provide a serious contribution to the observed peak at 0.8 M ⊙ and simultaneously reduce the relative number of WDs 0.5 M ⊙ . In the model including the Hachisu wind (see Fig. 3 ) the contribution of He WDs that accreted a significant amount of mass during TTMT to the peak at ∼ 0.8 M ⊙ reaches 24.9 %. Thus, if there exists a mass limit for accreting He WDs, the predicted peak in the WD mass distribution will be significantly less pronounced.
Initial mass-ratio distribution
One of the most important and critical ingredients of binary population models is the initial mass-ratio distribution. We assumed that all initial mass ratios are equally probable. Although both early (Popova et al. 1982) as well as more recent observational works (Raghavan et al. 2010 ) seem to support a mass-ratio distribution favouring equal-mass binaries, the general consensus is that the initial mass ratio distribution is flat, even for massive stars that appear to be most biased towards equal masses (Sana et al. 2009 (Sana et al. , 2012 ). An initial mass-ratio that is flat in q does not favour the formation of nearly equal-mass binaries, which is essential to produce large fractions of post-TTMT CVs. An initial mass-ratio distribution that is proportional to q would thus significantly increase the fraction of CVs containing highmass WDs in the resulting distributions. This would cause the peak at 0.75 M ⊙ to dominate the peaks at 0.55 and 0.4 M ⊙ more strongly, as is observed.
MB and CE efficiency
We have assumed MB to be inefficient for fully convective secondary stars. This, so named, disrupted MB scenario has been well established during the past decade both in single stars (see e.g. Reiners & Mohanty 2012 , and references therein) and in close compact binary stars . However, the strength of MB when the secondary star contains a radiative core is not well known. Current prescriptions differ by several orders of magnitude (Schreiber & Gänsicke 2003; Knigge et al. 2011) . Reducing the strength of MB, for instance by considering the normalization factor implemented by Davis et al. (2008) , would increase the evolutionary time-scale of detached PCEBs with secondary stars in the mass range ∼ 0.35 − 0.7 M ⊙ and slows CV evolution towards shorter periods for systems with donor star masses in the range ∼ 0.2−0.7 M ⊙ . This implies that CVs with high-mass WDs, that is, those systems that form the peak at ∼ 0.8 M ⊙ in the model including the Hachisu wind, would dominate the systems that become CVs below the period gap less strongly at shorter periods. Furthermore, owing to the slower evolution towards shorter orbital periods of CVs above the gap, our models would predict more systems in this period range for decreased MB.
Equally uncertain as the strength of MB, but perhaps even more important for close compact binary evolution, is the efficiency of CE evolution. It seems that, at least for low-mass secondary stars (∼ 0.1 − 0.5 M ⊙ ), a relatively low value of the CE efficiency (∼ 0.25) agrees best with the observations (Zorotovic et al. 2010 ) and numerical simulations (Ricker & Taam 2012) . However, CE evolution is extremely uncertain mostly because of three reasons. First, we have currently no idea if this low value also holds for higher secondary masses, second, we do not know if perhaps a post-CE circumbinary disk efficiently extracts angular momentum from the binary orbit of the emerging detached PCEB (Kashi & Soker 2011) , and finally, it also remains an open discussion if perhaps the internal energy stored in the envelope such as the recombination energy contributes to the envelope ejection process (Webbink 2008; Rebassa-Mansergas et al. 2012 ).
However, the main effect that the CE efficiency would have on the predicted WD mass distributions is that higher values lead to the prediction of more CVs containing He WDs. This is simply because a significantly larger fraction of initially close binaries that start mass transfer when the primary star is on the first giant branch can survive CE evolution. This has recently been confirmed by Zorotovic et al. (2014) , who showed that increasing α ce from 0.25 to 1 results in an increasing fraction of PCEBs with He WDs and an extension of the WD mass distribution towards lower masses that cannot be obtained with lower efficiencies. Therefore, using a higher value of α ce would increase the disagreement between our simulations and observations.
Comparison with observations
The model uncertainties presented in the previous section imply that performing binary population models of CVs has to be based on several assumptions, and changing these assumptions affects the predicted distributions. We have shown that mass growth during the CV phase can shift large fractions to higher masses but struggles to predict a broad distribution with the mean value around 0.8 M ⊙ . We have also shown that the latter can naturally be obtained if a large fraction of CVs are assumed to descend from TTMT, but a large population of CVs with He WDs remains in all our models compared to the observations. Below we compare in detail the model predictions with the observations of CVs and their progenitors. Because the orbital period is an observable that is much easier to measure than the stellar masses, we first inspect whether the orbital period distributions predicted by our models agree with the observations before we take a detailed look at the predicted WD mass distributions.
Orbital period distribution
In general, our simulations predict orbital period distributions that resemble those of previous models (Kolb 1993; Howell et al. 2001 ) and agree well with the main features of the observed distribution. The predicted period minimum, the accumulation of systems at the period minimum, the orbital period gap, and the prediction of most CVs residing below the gap all agree with the largest homogeneous sample of observed CVs currently available (Gänsicke et al. 2009 ). This agreement is expected as the predicted period minimum and period gap are a direct consequence of the mass-radius relation we used for CV donor stars (Knigge et al. 2011) , which has been designed to reproduce the period gap and the period minimum.
However, our models disagree with the observed distributions with respect to some details. For example, we predict a deficit of CVs between log( P orb days ) = −0.9 and −0.7 but a number of CVs at longer orbital periods, while the opposite seems to be observed (Gänsicke et al. 2009 ). Furthermore, the accumulation of systems at the orbital period minimum seems to be more pronounced in our simulations than in the observed sample. These disagreements are caused by both model uncertainties as described in the previous section and, probably more important, observational biases and selection effects. For instance, while the predicted relative number of CVs above the gap sensitively depends on the strength of MB and the CE efficiency, the disagreement between the predicted number of these systems and the observations is most likely dominated by observational biases. CVs at the upper edge of the period gap are particularly bright (high mass-transfer rates) while systems at the period minimum are particularly faint (low masstransfer rates). Both the larger number of systems at the upper edge of the gap and the less pronounced peak at the orbital period minimum are therefore probably caused by the fact that bright systems are more likely to be observed. This becomes clear when comparing the orbital period distribution of the complete sample of CVs with the most homogeneous sample identified so far (see Gänsicke et al. 2009, their Fig. 2) . Similar results are obtained if observational biases are taken into account. In fact, Pretorius et al. (2007) have shown that observational biases impose a large Figure 5. Mass distribution of WDs in PCEBs. From top to bottom: observed sample used in Zorotovic et al. (2011) , distribution predicted by our reference model, distribution derived from the reference model including a strong wind during TTMT, distribution predicted if it is assumed that 20% of the transferred mass during a nova cycle remains on the WD. The fractions are normalized to the total formation probability of all PCEBs in each model. The predicted PCEB distributions are identical (because mass growth during TTMT or during nova cycles does not affect the WD masses of the progenitors) and agree reasonably well with the observations. discrepancy between the predicted and observed period distribution of CVs. Their predicted period distribution looks very similar to the period distribution of our models (see their Fig. 11 ).
WD mass distributions of PCEBs
As shown by Zorotovic et al. (2011) , the high WD masses in CVs are not imprinted on the observed sample of PCEBs containing low-mass (M-dwarf) secondary stars. This led the authors to the conclusion that either the currently known pre-CV sample is not representative for CV progenitors or the masses of the WDs in CVs grow during nova cycles. In this paper we tested both possibilities. Before we directly compare the predicted WD mass distributions for CVs, we first test whether the PCEB WD mass distributions of our models agree with the observed one. The corresponding distributions are shown in Fig. 5 , where we define a binary as a PCEB if it had a CE, currently does not have Roche-lobe overflow, and consists of a WD (He, C/O, O/Ne) and a MS star. We used relatively large bins because the uncertainties in the masses derived from observations are significant. As expected, the WD mass distribution of PCEBs does not depend on our assumptions because both mass growth during nova cycles or during a phase of TTMT occur after the detached PCEB phase. Furthermore, the simulated WD mass distribution of PCEBs looks similar to the distribution of the PCEB sample from Zorotovic et al. (2011) . Both distributions have the same tendency to peak at 0.5 M ⊙ and show similar scatter around their mean value. However, our models fail to reproduce the extremely high- Figure 6. Mass distribution of WDs in CVs for the different models described in this work and the distribution derived from observations. From top to bottom: observed sample used in Zorotovic et al. (2011) with the black histogram representing a sub-sample for which the mass determination is presumably more reliable, distribution predicted by our reference model, distribution derived from the reference model including a strong wind during TTMT, distribution predicted if it is assumed that 20% of the transferred mass during a nova cycle remains on the WD. The fractions are normalized to the total formation probability of all CVs in each model. mass WDs ( > ∼ 0.8 M ⊙ ) that seem to be present in the observed distributions. This is probably due to uncertainties in the masses derived from observations. The WD masses shown in the top panel of Fig. 5 have been measured using the spectral decomposition/fitting method described in Rebassa-Mansergas et al. (2007) . We recently learned that more robust measurements of the WD mass using eclipse light curves indicate a much lower mass for those systems were the spectra indicate massive WDs (see Parsons et al. 2013 , for one example). Therefore, the disagreement between prediction and observation concerning the massive WDs in PCEBs is most likely caused by limitations of the spectral decomposition/fitting method. We also conclude from Fig. 5 that, according to all three types of models, either virtually all CVs with a WD more massive than ∼ 0.8 M ⊙ have grown in mass due to mass transfer instead of being born this massive, or the whole population of PCEBs is not representative of CV progenitors and only a small fraction of them (those with more massive WDs) may evolve into CVs. Figure 6 shows the observed WD mass distribution and the distributions predicted by the different calculations that we performed, which are normalized by the sum of the formation probabilities of all CVs in each model. We used a larger bin size than in Figs. 2 and 3 to facilitate comparison with the observed distribution. Our reference model, which is mostly based on the current hypotheses of CV evolution, drastically disagrees with the observed distribution (second and first panel from the top, respectively). While a small peak at 0.8 M ⊙ is predicted, the distribution still contains far too many low-mass WDs and therefore also peaks at 0.4 M ⊙ , which is not observed. The mean WD mass predicted by the reference model, that is, 0.62 M ⊙ , clearly is too low when compared to the value derived from observations: M WD = 0.83 ± 0.02 (Zorotovic et al. 2011) . As shown by Zorotovic et al. (2011) , the high WD masses derived from observations cannot be explained by observational biases, and therefore it seems that an important ingredient of CV formation and/or evolution is missing in the standard model.
CV WD mass distribution
One of the possibilities proposed by Zorotovic et al. (2011) is to assume that a large number of CVs descend from TTMT. Indeed, as shown in the third panel from the top in Fig. 6 , the mean WD mass increases to M WD = 0.71 M ⊙ if a strong wind that extends the range of masstransfer rates leading to stable hydrogen burning is assumed during TTMT. However, the distribution is still not in accordance with the mean mass derived from observations by Zorotovic et al. (2011) i.e. M WD = 0.83 ± 0.02. Most importantly, there is still a significant contribution (20.9 %) of low-mass WDs, in particular He WDs, to the WD mass distribution, which is not observed (Zorotovic et al. 2011) .
The second option outlined by Zorotovic et al. (2011) is mass growth during the CV phase, that is, assuming that during a nova cycle the WDs gain mass instead of slowly being eroded as predicted by the standard model. However, while this does allow increasing the mean WD mass, none of the distributions calculated for different fractions of mass growth is similar to the observed one. In Fig. 6 (bottom panel) we show the distribution assuming that 20 % of the transferred mass is not lost during a nova eruption. This shows that it is in principle possible to obtain a WD mass distribution of CVs that is dominated by massive WDs assuming mass growth during nova cycles, but the predicted distribution still disagrees with the observed one. The peak at 0.8 M ⊙ is less dominant and less broad than in the observed distribution, and the predicted distribution also shows a peak for He WDs at 0.4 M ⊙ , which is not observed.
Based on Fig. 6 , none of the two options that we tested seems to be the definitive answer for the WD mass distribution in CVs, especially regarding the lack of systems with He WDs observed. However, we did not perform any finetuning but just used standard assumptions plus the wind proposed by Hachisu during TTMT or allowed for mass growth of the WD mass during the CV phase. As discussed in Sect. 5.1.6, one could further reduce the He WD fraction for example by reducing the CE efficiency or the critical mass ratio for stable mass transfer in CVs. The latter option will be discussed in a second paper. Zorotovic et al. (2011) not only showed the general WD mass distribution of CVs derived from observations, but also the WD mass distributions of CVs above and below the gap. This division shows that the dispersion of WD masses above the gap is larger than of WD masses below the gap, which strongly peaks at 0.8 M ⊙ , while the mean masses of both sub-samples are nearly identical (see Fig. 7 , left).
WD masses as a function of period
The best model assuming mass growth disagrees with both observed properties, the predicted mean mass increases towards shorter orbital periods and both distributions are equally peaked (see Fig. 7, right) . In contrast, our model incorporating the Hachisu wind that produces a large fraction of CVs descending from TTMT and which best reproduces the overall observed WD mass distribution, also shows a wide spread of WD masses above the gap and a concentration around 0.8 M ⊙ below the gap (see Fig. 7 , middle). This could indicate that a significant fraction of post-TTMT CVs might be the missing ingredient in our current understanding of CV evolution. However, as mentioned in the last section, the latter model still produces far too many CVs containing He-core WDs. were the first to predict that the secondary stars of CVs that went through a phase of TTMT can look different from the secondaries of CVs that did not. First, the secondaries of post-TTMT CVs descend from relatively massive stars and might therefore be significantly more evolved than genuine low-mass stars. This should cause them to have later spectral types above the gap and earlier spectral types below the gap (Kolb & Baraffe 1999 ). The first is apparently the case for two famous long orbital period CVs, AE Aqr and V1309 Ori. The latter has become the standard explanation for some CVs below the period gap with very early spectral types (Thorstensen et al. 2002; Littlefair et al. 2006; Thorstensen 2013) . Recently, such a system has been found well inside the period gap (Rebassa-Mansergas et al. 2014) , in agreement with the predictions of Kolb & Baraffe (1999) that CVs with evolved donors should enter the period gap at shorter orbital periods or not at all.
Fraction of CVs with evolved donors
As a second possibility for identifying post-TTMT CVs, predicted unusually high N/C UV line ratios for low-mass secondaries if CNO processed material is brought to the surface by convection. Shortly after this prediction had been made, an HST/STIS snapshot program of 31 CVs with strong emission lines revealed that indeed four systems had extremely enhanced N/C UV line ratios .
Thus, there is clear observational evidence for the existence of post-TTMT CVs. However, the fraction of systems with extremely enhanced N/C UV line flux ratios seems to be significantly smaller than the fraction of post-TTMT CVs suggested by the model including the Hachisu wind. Thus the model represents a viable explanation if only a fraction of post-TTMT CVs shows enhanced N/C UV line ratios.
A second problem for the Hachisu model is that the predicted fraction of CVs containing evolved donor stars increases with the increasing number of post-TTMT CVs (see Table 1 ). This number would further increase if for instance a lower CE efficiency was used to reduce the number of CVs with He-core WDs (which currently is too large compared with the observations). In Sect. 2.3 we estimated that the fraction of CVs with evolved donors (that evolve through the gap as accreting systems) should not exceed ∼ 20 − 30 per cent because otherwise the period gap would be less pronounced than is observed. Our simulated CV population assuming the Hachisu wind predicts almost 40 per cent of CVs with evolved donors, which exceeds this Figure 7 . WD mass distribution used by Zorotovic et al. (2011) (left) of our model with the Hachisu wind (middle) and of our model including 20 per cent mass growth of the WD during a nova cycle (right) separated into the distribution of CVs in or below the gap (top panels) and CVs above the gap (Bottom panels). The black histograms in the left figure represent a sub-sample of which the mass determination is presumably more reliable. The fractions in the middle and right panel are normalized to the total formation probability of all CVs in our models. The observations show a dispersion of WD masses above the gap, while the WD masses below the gap are more concentrated around 0.8 M ⊙ . Both features can also be seen in the model that includes the Hachisu wind (middle), but not in the 20 per cent mass growth model (right).
limit. We therefore conclude that assuming a large number of CVs descending from TTMT can at least partly explain the high WD masses in CVs but -unfortunately -generates problems with the classical explanation of the orbital period gap.
Conclusion
We have performed binary population models of CVs with special emphasis on the predicted WD mass distributions with the aim to evaluate possible solutions for the problem of the high-mass WDs in CVs identified by Zorotovic et al. (2011) . We investigated the possibilities of WD mass growth during a preceding phase of thermal timescale mass transfer and assuming net mass growth of WDs in CVs during nova cycles. In the latter case the predicted WD mass distributions drastically disagree with the observed one. In the first case, we find the best resemblance to the observed WD mass distribution by assuming a strong wind that increases the range of mass transfer rates, leading to stable hydrogen burning (as is frequently assumed in the single degenerate scenario for SN Ia, Hachisu et al. 1996) . This model also explains the observation that the dispersion of WD masses is larger above than below the orbital period gap. However, this model still predicts a large population of CVs with He WD primaries and evolved donor stars, which clearly contradicts the observations. We therefore conclude that WD mass growth during nova cycles or during a preceding phase of thermal time-scale mass transfer cannot solve the discrepancy between the observed and predicted WD masses in CVs.
